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Radiation Sources Providing Increased UVA/UVB
Ratios Attenuate the Apoptotic Effects of the UVB
Waveband UVA-Dose-Dependently in Hairless
Mouse Skin
Yuko Ibuki1,2, Munif Allanson1, Katie M. Dixon3 and Vivienne E. Reeve1
UV radiation-induced epidermal apoptotic sunburn cells provide a mechanism for eliminating cells with
irreparable DNA damage. The UVB (290–320 nm) waveband is mainly responsible, but the role of UVA
(320–400 nm) is less clear, and possible waveband interactions have not been examined. Recent studies in mice
reveal a protective role for UVA against UVB-induced inflammation and immunosuppression, mediated via
cutaneous heme oxygenase (HO). As HO has antiapoptotic properties in other tissues, this study examines the
effect of UVA/UVB waveband interaction on apoptosis in the Skh:hr-1 hairless mouse epidermis. Apoptosis was
assessed by sunburn cell number, caspase-3-positive cell number, and degree of DNA fragmentation, in mice
exposed to radiation sources providing a constant UVB dose with increasing proportions of UVA. The results
indicated that as the UVA/UVB ratio was increased, both the sunburn cell and caspase-3-positive cell number
decreased, and the degree of DNA fragmentation was reduced. Treatment of mice with the HO inhibitor, tin
protoporphyrin-IX, markedly reduced the UVA antiapoptotic effect, confirming a major role for HO. The
observations suggest that UVA reduces UVB-induced DNA damage, and may therefore have anti-
photocarcinogenic properties that could be harnessed for better photoprotection in humans.
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INTRODUCTION
Epidermal apoptotic keratinocytes, commonly known as
‘‘sunburn cells’’, are a recognized characteristic of UV
radiation-exposed skin (Sheehan and Young, 2002). When
stained with hematoxylin and eosin (H&E), they display a
distinct morphology: a pyknotic nucleus and a shrunken
glassy, eosinophilic cytoplasm. Their presence suggests that
cellular DNA has been irreparably damaged by the irradia-
tion (Claerhout et al., 2006), and it is surmised that their
function is to eradicate potential UV-initiated cancer cells
from the skin. Action spectrum studies for sunburn cell
formation in the UV waveband have shown that maximal
spectral reactivity was in the short wavelength band, at
wavelengths less than 300 nm (Woodcock and Magnus,
1976; Kollias et al., 2003) or more broadly in the UVB
waveband (290–320 nm), with the number peaking at
10–24 hours post-irradiation (Gilchrest et al., 1981; Lu
et al., 1999). However, sunburn cell induction by the UVA
waveband (320–400 nm) is controversial. Some investigators
showed that UVA irradiation induced sunburn cells (Kumakiri
et al., 1977; Rosario et al., 1979; Lavker and Kaidbey, 1997)
but these findings were not confirmed by other investigators
(Willis and Cylus, 1977; Gilchrest et al., 1981). Lavker and
Kaidbey (1997) reported that sunburn cell production was
spectrally dependent and that UVA wavelengths between
320 and 345 nm were more effective than longer wave-
lengths (360–400 nm). Thus, although several reports dis-
cussed the induction of sunburn cells after exposure to certain
wavebands of UV, neither the role of the UVA waveband is
certain, nor has the possibility of an interaction of the UVA
and UVB wavebands, as might occur in environmental
sunlight, been examined.
In several studies in mice, UV waveband interactions have
been demonstrated to modulate both the inflammatory
erythema and the immune response to UV exposure. We
have previously indicated that UVA radiation, when admi-
nistered to mice at environmentally relevant suberythemo-
genic doses, is itself immunologically inert, but more
significantly, can provide protection against the erythema/
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edema sunburn reaction and the immunosuppressive effects
of UVB radiation (Reeve et al., 1998, 2006; Allanson et al.,
2006). Whereas there are numerous contrary reports of
immunosuppression induced by UVA radiation in both mice
(Nghiem et al., 2001) and human subjects (Dumay et al.,
2001), the protective effect of UVA against UVB-induced
immunosuppression has also been demonstrated by others
both in mice (Garssen et al., 2001) and in humans (Skov
et al., 2000). Mechanistic studies in mice have revealed that
the UVA photoimmunoprotection is mediated by UVA-
induction of cutaneous heme oxygenase-1 (HO-1) (Reeve
and Tyrrell, 1999), specifically by its enzymatic product,
gaseous carbon monoxide (CO), which is produced in the
process of the degradation of heme (Allanson and Reeve,
2004, 2005). UVA irradiation of mice increased the
cutaneous levels of HO-1, but UVB did not. It is relevant
that both HO-1 and CO have been associated with anti-
inflammatory as well as antiapoptotic effects in several
cellular and tissue models (Inguaggiato et al., 2001; Liu et al.,
2003; Ryter and Otterbein, 2004; Hirota et al., 2005).
Furthermore, we have previously shown in mice that UVA
irradiation following UVB exposure has the ability to reduce
the upregulation of cutaneous Fas ligand (FasL) expression
resulting from the UVB irradiation (Shen et al., 2000). The
Fas–FasL system is known to play a major role in inducing
apoptosis, including sunburn cell formation in the epidermis
(Hill et al., 1999).
Therefore, we have hypothesized that the UVA compo-
nent in sunlight might protectively modify the induction of
epidermal sunburn cells by facilitating CO release and by
antagonizing FasL upregulation by the UVB component. As
apoptosis is important to maintain normal skin cell physiol-
ogy after sun exposure, the study of the possible interaction of
two wavebands in the formation of sunburn cells might be
important. In this study, the induction of apoptosis by solar-
simulated ultraviolet radiation (SSUV) exposure was exam-
ined in the skin of hairless mice. To study the effect of the
UVA waveband, a series of UV sources providing a constant
UVB dose but increasing UVA content, were administered to
the mice. Apoptosis was evaluated as the number of
epidermal sunburn cells, the degree of DNA strand breaks
in the mouse skin, and the number of epidermal cells
expressing the apoptosis-associated caspase-3.
RESULTS
Sunburn cell number is reduced by UVA enrichment
Figure 1a shows the epidermal localization of sunburn cells
stained by H&E at 24 hours after SSUV (UVB at 240 V)
irradiation. The sunburn cells are recognized by the
characteristic pyknotic nucleus and shrunken glassy, eosino-
philic cytoplasm (shown by arrows). Untreated mouse skin
did not contain any sunburn cells, but these were clearly
present at 24 hours post-irradiation, the time point selected
for determining the incidence. Figure 1b shows that a very
small number were recognized immediately following the
SSUV irradiation (2.070.01 cells/cm), whereas they were
very evident at 24 hours post-irradiation, with an average
incidence of 102.3728.4 cells/cm. By 72 hours post-irradia-
tion, almost all the sunburn cells had been removed
(incidence of 4.970.8 cells/cm). This observation is consis-
tent with an earlier report in the hairless mouse that sunburn
cells were observed most significantly from 10 to 24 hours
and were almost absent at 36 or 48 hours (Lu et al., 1999).
Different time courses for apoptosis induced by UVA and
UVB in cultured non-cutaneous cells have been described by
others (Godar, 1999; Aoki et al., 2004); however, we
observed the same time course for UVA-enriched irradiation
(UVB at 180 V) as for SSUV in the mouse skin (Figure 1b). A
preliminary experiment in which mice were irradiated with
the UVB content alone of the SSUV (radiation from a single
filtered UVB tube) resulted in the average formation of
98.6721.9 sunburn cells/cm at 24 hours, indicting the UVB
waveband for sunburn cell formation, whereas irradiation
with a large dose of UVA alone (400 kJ/m2 UVA; Reeve and
Tyrrell, 1999) induced very few sunburn cells (4.073.1 cells/
cm). Nevertheless, there remains a possibility that UVA
enrichment delays the time course of sunburn cell formation
until the period between 24 and 72 hours that would not be
detected in our studies.
The effect of UVA enrichment on sunburn cell formation is
shown in Figure 2. When the UVA/UVB ratio was increased
from 17.8 (SSUV; UVB at 240 V) to 29.0 (UVB at 180 V),
there was a highly significant (Po0.001) reduction in
sunburn cell incidence from 132.0751.6 to
96.8721.0 cells/cm. A further highly significant reduction
was also observed by increasing the UVA/UVB ratio from
29.0 to 44.4 (UVB at 160 V), when the sunburn cell incidence
was reduced from 96.8721.0 to 73.1731.0 cells/cm. Thus, it
appeared that sunburn cell formation was attenuated by the
UVA waveband in a UVA dose-dependent manner.
Epidermal DNA strand breaks are reduced by UVA enrichment
Electrophoretic separation and ethidium bromide staining of
the extracted DNA from the dorsal skin epidermis revealed
intact high molecular weight DNA in untreated skin
(Figure 3). At 24 hours following irradiation with SSUV
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Figure 1. Formation of sunburn cells after exposure to SSUV. (a) Light
microscopy of histochemical identification (H&E stain) of sunburn cells.
Vertical paraffin sections of normal (Nil) or irradiated skin at 24 hours
post-exposure to SSUV (240 V). Sunburn cells are shown by arrows.
(b) Average number of sunburn cells/linear cm of skin at 0, 24, and
72 hours post-exposure to SSUV (240 V) and UVA-enhanced radiation
(UVB at 180 V). Error bars¼ SD.
www.jidonline.org 2237
Y Ibuki et al.
UVA Attenuates UVB-Induced Apoptosis
(UVB at 240 V), there was very little high molecular weight
DNA recoverable, and evidence of numerous smaller DNA
fragments appearing. When the UVA/UVB ratio was in-
creased from 17.8 (SSUV; UVB at 240 V) to 29.0 (UVB at
180 V), the DNA fragmentation was reduced, and a larger
band of high molecular weight DNA was seen. Further
increasing the UVA/UVB ratio from 29.0 to 44.4 (UVB at
160 V) produced even less fragmentation. Thus, it appeared
that DNA fragmentation was inhibited by the UVA enrich-
ment in a UVA dose-dependent manner.
Caspase-3-positive cell number is reduced by UVA enrichment
Figure 4a shows the epidermal localization of cells immu-
nopositive for active caspase-3 (stained dark as shown by
arrows). No caspase-3-positive staining was detected in
untreated mouse skin. At 24 hours following irradiation with
SSUV (UVB at 240 V), there was clearly a population of
caspase-3-positive cells present, with an average of
36.479.5 cells/cm. When the UVA/UVB ratio was increased
from 17.8 (SSUV; UVB at 240 V) to 29.0 (UVB at 180 V),
there was a highly significant (Po0.001) reduction in
caspase-3-positive cell incidence from 36.479.5 to
7.671.0 cells/cm (79% reduction). There was no further
significant reduction observed by further increasing the UVA/
UVB ratio from 29.0 to 44.4 (UVB at 160 V), but the
incidence of caspase-3-positive cells remained very low, at
4.475.1 cells/cm (88% reduction). Thus, it appeared that
caspase-3-expressing apoptotic cell formation was also
negatively modified by the UVA waveband.
Time/dose reciprocity holds for apoptosis markers
To confirm that the suppression of apoptosis induction by the
UVA enrichment of the radiation did not represent an
inadvertent change in the total dose delivered by the
increased irradiation time, mice received a dose of 3 minimal
edematous dose (MEdD) of SSUV, holding the UVA/UVB
ratio constant at 17.8, administered at 240, 180, or 160 V.
The exposure times were thus prolonged because of the
alteration of the voltage to the UVB tube only, but here the
UVA dose remained constant. Sunburn cells were enumera-
ted at 24 hours post-irradiation as above, and the incidence
was found to vary between 81.8720.7 and 92.972.6 cells/
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Figure 2. Increased UVA/UVB ratio reduces sunburn cell formation.
Average number of sunburn cells/cm at 24 hours after exposure to increased
ratios of UVA/UVB (as UVB voltage was reduced from 240 to 180 and 160 V).
Error bars¼ SD. Symbols indicate statistically significantly different
treatments.
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Figure 3. Increased UVA/UVB ratio decreases epidermal DNA
fragmentation. Appearance of DNA fragmentation after exposure to SSUV
(240 V) and decreased fragmentation with increased ratios of UVA/UVB
(as UVB voltage was reduced from 240 to 180 and 160 V).
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Figure 4. Formation of caspase-3-positive cells after exposure to UV.
(a) Light microscopy of immunohistochemical identification of caspase-3
positivity. Vertical paraffin sections of normal (Nil) or irradiated skin at
24 hours post-exposure to 3 MEdD of SSUV (240 V). Positive cells are stained
brown in the epidermal layer. (b) Average number of caspase-3-positive
cells/linear cm of skin after exposure to increased ratios of UVA/UVB
(as UVB voltage was reduced from 240 to 180 and 160 V). Error bars¼ SD.
Symbol indicates statistically significantly different treatments.
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cm, but was not significantly different between the three
voltages tested (Figure 5). At the same time point, caspase-3-
positive cells were identified as above, with incidences
between 52.476.1 and 60.975.4 cells/cm, again not sig-
nificantly different between the voltages tested (Figure 6).
Thus, the alterations in apoptotic cell numbers in the
epidermis in response to UVA enrichment of the radiation
were not attributable to the reduced UVB fluence rate. To
support this data, it was also found that the presence of
thymine dimer expressing nuclei induced in the epidermal
DNA in response to UVB radiation administered alone at
different voltages, likewise did not differ significantly
(Figure 7). Therefore, evidence for the unchanged photo-
damage induced by the reduction of the UVB fluence rate
using voltage regulation, whether alone or combined with an
equally reduced UVA fluence rate, now appears substantial.
Under our conditions, reduced UVB fluence rate did not alter
thymine dimer formation, nor did reduced fluence rate of
SSUV alter sunburn cell formation, caspase-3-positive cell
formation, or photoimmune suppression (Reeve et al., 2006).
HO is involved in UVA inhibition of epidermal apoptosis
Treatment of the irradiated mice with the specific HO
inhibitor, SnPP, prevented the reduction of the number of
sunburn cells by the UVA-enriched sources (Figure 7). There
was no significant difference in the sunburn cell numbers at
24 hours following exposure to 3.78 kJ/m2 UVB radiation
administered at 240, 180, or 160 V together with the
concurrent UVA at 240 V (10.6273.29, 10.0973.09,
10.5175.3 cells/cm, respectively), implicating HO in the
UVA reduction of sunburn cells. Caspase-3-positive cells in
the SnPP-treated mice were abundant 24 hours following
240 V SSUV (50.578.0 cells/cm) and were significantly
(Po0.001) reduced by 45 and 31% when the UVA/UVB
ratio was increased from 17.8 (SSUV) to 29.0 (UVB at 180 V)
and 44.4 (UVB at 160 V), respectively (Figures 8 and 9).
However, this reduction of caspase-3 expression by the UVA-
enriched sources was markedly smaller than the 79–88%
reductions due directly to the increased UVA/UVB ratio
(Figure 4), indicating that the effect of UVA enrichment on
caspase-3 activity was partially but significantly mediated by
HO activity.
DISCUSSION
These studies have demonstrated the induction of epidermal
DNA damage and apoptotic sunburn cells in the hairless
mouse skin at 24 hours after a moderately edematous SSUV
exposure. Using H&E staining and caspase-3-immunoposi-
tivity as markers for apoptotic cells, it has been shown that
alteration of the SSUV spectrum to emit increased propor-
tions of the UVA waveband, had a highly significant UVA-
dependent inhibitory effect on apoptosis at this time point. In
contrast, by treating the irradiated mice with SnPP, the UVA
inhibition of apoptosis was markedly reduced, demonstrating
that the antiapoptotic effect was mediated in large part by
HO activity. This appears to be consistent with a recent study
reporting not only that UVA irradiation protected cultured
dermal fibroblasts against apoptosis, but also that the
protection was achieved via the transcription factor Nrf-2,
which induces many antioxidant and detoxification genes
including HO-1 (Hirota et al., 2005). This response in vitro in
cells located in vivo in the dermal layer, in addition to the
response we have recorded in the mouse epidermis, suggests
that the UVA modulation of apoptosis in the skin via HO, or
its enzyme product CO (Ryter and Otterbein, 2004), might be
common to several cutaneous cell populations.
The modifying role played by UVA-induced HO activity
suggests that critical signaling pathways may be affected,
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Figure 5. Effect of attenuation of SSUV fluence rate on sunburn cell
formation. Average number of sunburn cells/linear cm of skin at 24 hours
post-exposure to 3 MEdD of SSUV delivered without spectral change at 240,
180, or 160 V. Error bars¼ SD. No significant difference between treatments.
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Figure 6. Effect of attenuation of SSUV fluence rate on caspase-3-positive
cell formation. Average number of caspase-3-positive cells/linear cm of skin
at 24 hours after exposure to 3 MEdD of SSUV delivered without spectral
change at 240, 180, or 160 V. Error bars¼ SD. No significant difference
between treatments.
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perhaps underlying the UVA prevention of UVB-induced
Fas upregulation that we have observed previously in the
hairless mouse skin (Shen et al., 2000). In the studies of
others, upregulation of HO-1 has rendered Jurkat T cells
or pancreatic cells resistant to Fas-mediated apoptosis
(Pileggi et al., 2001; Choi et al., 2004), and HO-1 gene
transfer in a liver transplant model also prevented FasL-
mediated apoptosis (Ke et al., 2002). This anti-Fas/FasL
activity was apportioned to the HO enzyme product,
CO, which has attenuated Fas expression and caspase-3
activity in the lung (Zhang et al., 2003), in vascular smooth
muscle cells (Liu et al., 2003), and in liver damage in
mice (Sass et al., 2003), and appears to be consistent with
CO mediating the UVA protection against photo-
immune suppression that we have reported (Allanson and
Reeve, 2005).
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Figure 7. Reduced UVB fluence rate has no effect on epidermal thymine dimer formation. Effect of attenuation of the fluence rate of UVB irradiation delivered
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Figure 8. Inhibition of heme oxygenase activity abrogates UVA protection
against sunburn cell formation. Effect of SnPP treatment on average
number of sunburn cells/linear cm of skin at 24 hours after exposure to
increased ratios of UVA/UVB (as UVB voltage was reduced from 240 to
180 and 160 V). Error bars¼ SD. No significant difference between
treatments.
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Figure 9. Inhibition of heme oxygenase activity decreases UVA protection
against caspase-3 positive cell formation. Effect of SnPP treatment on
average number of caspase-positive cells/linear cm of skin at 24 hours after
exposure to increased ratios of UVA/UVB (as UVB voltage was reduced
from 240 to 180 and 160 V). Error bars¼ SD.
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Technically, we found considerable variability between
experiments in both the SSUV-induced sunburn cell number
and the caspase-3 positivity that appears to reflect the
difficulty of precisely reproducing ambient laboratory condi-
tions for the histological staining. Within each experiment,
however, inter-mouse differences were small, and both
markers responded similarly to the altered UVA/UVB ratios.
The UVA enrichment of the SSUV spectrum simulates not
only the increased UVA radiation that is absorbed by humans
during recreational sun exposure through UVB-filtering
sunscreens, when their sun exposure is prolonged in the
absence of sunburning symptoms, but also the spectrum of
many tanning-bed radiation sources, as well as the sunlight
spectrum at increasing geographic latitude, in winter versus
summer, and in the early morning and late afternoon. We
have reported that UVA enrichment of SSUV also reduced the
erythema/edema reaction in mice, protected the epidermal
cytokine pattern, and decreased the degree of systemic
immunosuppression measured by the contact hypersensitivity
response, in a HO-sensitive manner (Reeve et al., 2006). As
photoimmune suppression is an important risk factor for
photocarcinogenesis, in mice (Fisher and Kripke, 1982) and
humans (Yoshikawa et al., 1990; Czarnecki et al., 1995),
those findings suggested that UVA enrichment of SSUV might
have immunologically mediated anti-skin cancer properties,
in which case broad spectrum sunscreens would be contra-
indicated, whereas tanning beds might provide hitherto
unrecognized health benefits compared with unprotec-
ted sunlight exposure. A possible disadvantage might be
an exacerbation of photoageing, which is believed to be
UVA-dependent.
However, the sunburn cell is another indicator of UV
damage, particularly to the cutaneous DNA, that has been
associated with skin cancer risk. As sunburn cell number
increases with UVB exposure, this has been used in the past
as an indicator of photodamage. For example, the photo-
protection afforded by sunscreens has been aligned with a
reduction in sunburn cell number, and potential protection
against photocarcinogenesis therefore implied (Sambuco
et al., 1984; Elmets et al., 1992; Wolf et al., 1994).
Photochemopreventive strategies that have inhibited photo-
carcinogenesis in mice have also been associated with
reduced sunburn cell number (Afaq et al., 2005; Gu et al.,
2005; Lin et al., 2005). Thus, fewer sunburn cells were
equated with less photodamage, and implied less carcino-
genic risk.
On the other hand, the functional role for the sunburn cell
is for the rapid removal of cells with irreparable DNA damage
to prevent their neoplastic transformation. Therefore, the
reduced appearance of sunburn cells would indicate greater
carcinogenic risk. Proapoptotic molecules that respond to
DNA damage such as the p53 tumor suppressor protein, or
FasL, have been associated with an increase in UV-induced
sunburn cells in the epidermis, and their absence with
reduced sunburn cells and increased susceptibility to photo-
carcinogenesis (Ziegler et al., 1994; Hill et al., 1999; Ouhtit
et al., 2000). In CD1d/ mice, there was decreased UV-
induced skin cancer, associated with an increased persis-
tence of sunburn cells, as well as resistance to photoimmune
suppression (Matsumura et al., 2005).
It is therefore evident that there may be confusion in
interpreting the significance of the sunburn cell number for
skin photodamage and cancer development, and that there
are sensitive balances between pro- and antiapoptotic signals
in the skin that determine both the sunburn cell appearance
and the hazard of neoplastic development. Our study
indicates that the UVA waveband, when administered with
UVB at environmentally attainable doses, plays an antiapop-
totic role that we speculate indicates a reduced rather than an
increased susceptibility to skin cancer production. The UVA-
dependent reduction in DNA damage may prove to be of
critical importance for photocarcinogenesis. It is not known
at present whether UVA radiation might upregulate DNA
photolesion repair in the skin. Current photocarcinogenesis
induction studies with the UVA-enriched sources are under-
way on the Skh:hr hairless mouse.
MATERIALS AND METHODS
Mice
Female inbred albino Skh:hr-1 hairless mice, 8- to 12-week old,
were provided from the Veterinary Science breeding colony. They
were maintained under conventional animal house conditions at
251C under gold lighting (GEC F40GO tubes) that does not emit UV
radiation, and received normal rodent pellets (Gordon’s Specialty
Stockfeeds, Yanderra, Australia) and tap water ad libitum. All
procedures were approved by the University of Sydney Animal
Ethics Committee, and complied with the current NSW Animal
Welfare Act.
UV radiation
The radiation sources were made up of seven 120-cm fluorescent
tubes held in a reflective batten 19 cm above the irradiation table
surface. Irradiance was measured using an International Light IL1500
radiometer (International Light Inc., Newburyport, MA) with UVA
and UVB detectors (SEE 015/UVA and SEE 240/UVB) calibrated to
the spectral irradiance of the source. The SSUV radiation source
comprised two banks of three UVA tubes (Hitachi 40W F40T10BL,
Tokyo, Japan) flanking a single UVB tube (Philips TL-40W/12 RS,
Eindhoven, The Netherlands), with the radiation filtered through a
sheet of 0.125 mm cellulose acetate (Grafix Plastics, Cleveland, OH)
to block contaminating wavelengths below 290 nm. The tubes were
allowed to stabilize for 15 minutes after switching on, and
temperature of the irradiation area below the source was maintained
stably between 26 and 271C during the irradiations, using
surrounding curtains and a fixed electric fan. This SSUV source
provided 3.45 103 W/cm2 UVA and 1.94 104 W/cm2 UVB. By
selectively reducing the voltage supply to the UVB tube from 240 to
180 and 160 V, it was possible to increase the UVA/UVB ratio,
resulting in a maximum enrichment of approximately 2.5-fold of the
UVA component, as we have previously described in detail (Reeve
et al., 2006). Groups of mice were irradiated with a single exposure
providing a constant UVB dose administered at 240, 180, or 160 V,
together with the concurrently increased UVA component (main-
tained at 240 V). The irradiation exposures were calculated to
provide a UVB component equal to the UVB content of 3 MEdD of
SSUV (Table 1). Whereas erythema is difficult to measure in the
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mouse, the MEdD is a readily quantifiable measure of the acute
murine inflammatory response to UV radiation as an increase in the
dorsal skinfold thickness, and is a useful equivalent to the minimal
erythemal dose in humans when measured in hairless mice that are
unrestrained during irradiation (Cole et al., 1983). The MEdD was
previously determined to be 22.49 kJ/m2 UVA and 1.26 kJ/m2 UVB
in the albino hairless mouse (Reeve et al., 2006), from a minimally
statistically significant increase in the mid-dorsal skinfold thickness
at 24 hours post-irradiation. Thus, groups of three mice received
whole-body exposure to 3.78 kJ/m2 UVB radiation, administered at
240, 180, or 160 V, together with the concurrent UVA at 240 V at
increasing dosages determined by the lengthier exposure times to
achieve the constant UVB dose, as shown in Table 1.
We have previously demonstrated that the attenuation of the
UVB fluence by the lower voltage supply did not qualitatively alter
the UVB emission spectrum (Reeve et al., 2006). To confirm that the
markers of apoptosis were unaffected by the time/dose relationship
of the slower radiation administration, groups of three mice were
also irradiated with 3 MEdD of the SSUV spectrum, with all UVA
tubes and the UVB tube activated at 240, 180, or 160 V. In addition,
to confirm that the attenuation of the UVB alone did not alter the
induction of epidermal DNA damage, groups of three mice were
irradiated with 3.78 kJ/m2 UVB radiation alone from the single
filtered UVB tube, either at 240, 180, or 160 V, and the presence of
immunohistochemically detectable thymine dimers was measured at
24 hours.
Measurement of thymine dimers in epidermal cells
Transverse mid-dorsal skin samples were collected from groups of
three mice at 24 hours after irradiation with UVB alone, adminis-
tered at 240, 180, or 160 V, and were fixed for 6 hours in
Histochoice (Amresco, Solon, OH) followed by automated proces-
sing in a formalin/ethanol system and wax embedding. Vertical
sections (5mm) of each skin specimen were deparaffinized through
graded alcohol, followed by antigen retrieval with 0.01 M citrate
buffer in a microwave oven for 10 minutes. After washing with Tris-
buffered saline, endogenous peroxidase was blocked by 1%
hydrogen peroxide for 5 minutes, and nonspecific antibody binding
was blocked using 10% horse serum in Tris-buffered saline. The
primary mouse monoclonal IgG1, H3 clone 4F6 anti-thymine dimer
antibody (Affitech, Norway) was biotinylated using the ARK kit
(Dako Cytomation, Glostrup, Denmark), according to manufac-
turer’s instructions. After washing, color was developed with the
chromogen diaminobenzidine for 5 minutes, followed by washing,
dehydration, and mounting with DPX. Antibody specificity was
indicated by the negative isotype-stained control sections. Sections
were examined by light microscopy, and images captured using a
Sony Progressive Color CCD camera (Sony, Tokyo, Japan) and
transferred to a Zeiss KS400 (Carl Zeiss Vision, Munich, Germany)
image analysis system, by which the areas of both total number of
nuclei and of positively (brown) stained nuclei could be enumerated.
The mean values for three mice are presented.
Measurement of sunburn cells
Transverse mid-dorsal skin samples were collected from three mice
of each group at 0, 24, or 72 hours after irradiation and fixed for
6 hours in HistoChoice (Amresco) followed by processing and wax
embedding. Vertical sections (5mm) of each skin specimen were
deparaffinized and stained with H&E to allow determination of
sunburn cells. Under light microscopy, the number of sunburn cells
in the epidermis was counted from the entire approximately 15 mm
length of skin for each section (40–65 adjacent fields), and averaged
for 1 cm skin linearly, with the aid of a calibrated eyepiece.
DNA extraction from mouse epidermis and detection of DNA
fragmentation
Mid-dorsal skin was excised at 24 hours post-irradiation and heat-
shocked in water at 571C for 30 seconds, then immediately
transferred to ice-cold distilled water. The epidermis was scraped
off into buffer of 0.05 M Tris, 0.01 M EDTA, 0.4 M NaCl, pH 8.0, and
incubated at 371C for 30 minutes after addition of 0.25% sodium
dodecyl sulfate (BioRad Labs, Hercules, CA) and 0.25 mg/ml
ribonuclease (Sigma Chemical Co., St Louis, MO). Following
incubation, the mixture was extracted with an equal volume of
phenol–chloroform–isoamyl alcohol and the DNA was precipitated
from the water phase with 2.5 volumes of ethanol at 201C. The
precipitate was rinsed once with 70% ethanol, dried, and
resuspended in 10 mM Tris-HCl, 1 mM EDTA, pH 8.0. The extracted
DNA was separated on a 2% agarose gel at 40 V for 2 hours, and
stained with ethidium bromide. The DNA was visualized using a
transilluminator and the gel was photographed with a Kodak DC120
digital camera using the Electrophoresis Documentation and
Analysis System 120 (Eastman Kodak, Rochester, NY).
Active caspase-3 immunostaining
Deparaffinized 5mm skin sections were subjected to immunohisto-
chemical staining for active caspase-3. After blocking with 1% goat
IgG in 1% bovine serum albumin for 30 minutes, they were
incubated with rabbit anti-active caspase-3 polyclonal antibody
(R&D Systems, Minneapolis, MN) at 1:500 dilution in phosphate-
buffered saline (PBS; 0.15 M sodium chloride/10 mM potassium
phosphate, pH 7.4) at 371C for 2 hours. The sections were washed
Table 1. The UVA and UVB content of SSUV and the UVA-enriched sources (UVB voltage reduced to 180 and
160 V)
UVB voltage (V) Exposure time (min) UVA dose (kJ/m2) UVB dose (kJ/m2) UVA/UVB ratio
240 (SSUV) 32.5 67.47 3.78 17.8
180 57.5 109.77 3.78 29.0
160 98.3 167.82 3.78 44.4
SSUV, solar-simulated ultraviolet radiation.
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twice with PBS, then incubated with goat anti-rabbit horseradish
peroxidase (Vector Labs, Burlingame, CA) at 1:200 dilution in PBS at
371C for 1 hour. After rinsing with PBS, the sections were stained
with diaminobenzidine using a commercial reagent kit (Kirkegaard
and Perry Laboratories, Gaithersburg, MD) for 30 minutes and lightly
counterstained with hematoxylin. The number of caspase-3-positive
cells from the entire approximately 15 mm length of epidermis for
each skin section was counted, and the average number per linear
cm of skin calculated as above.
Inhibition of HO activity
The enzyme’s substrate antagonist, tin protoporphyrin-IX (SnPP;
Porphyrin Products, Logan, UT) was solubilized in 0.1 M NaOH and
diluted 1:1 in PBS and a dose of 20 mmol/kg body weight was
injected subcutaneously in 0.1 ml into the lower abdominal skin
immediately after irradiation, as described previously (Reeve and
Tyrrell, 1999). Transverse mid-dorsal skin samples were collected
24 hours post-irradiation from three SnPP-treated mice of each group
after single exposures (or no irradiation) of 3.78 kJ/m2 UVB radiation,
administered at 240, 180, or 160 V together with the concurrent
UVA at 240 V, and assayed for sunburn cell and caspase-3-positive
cell numbers.
Statistics
The significance of differences between treatment groups was
evaluated using analysis of variance, and analyzed with Student’s
t-test.
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